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I. INTRODUCTION 


Textures can develop on solid surfaces in several ways during 
directed ion beam sputtering. Physical sputtering of solid materials, 
which is customarily accomplished using chemically inert ion species, 
can reveal individual crystal grains because of differential sputter 
etch rates dependent on crystal grain orientation. Impurities, pre- 
cipitates, phases or initially irregular surfaces can also cause char- 
acteristic textures to develop during sputtering because of preferential 
etching of high sputter yield sites. ^ In addition, reactive ion beam 

etching can chemically texture a surface through selective removal of 

2 

elements from an alloy. 

Of particular interest in this report, however, is the texturing 
induced by the deliberate deposition of an impurity material onto a 
solid surface while simultaneously bombarding the surface with an ion 
beam. This technique is often referred to as "seeding", with the 
impurity being termed the seed material. Under appropriate conditions, 
microscopic cones or hillocks develop because of preferential sputtering 
of surrounding material. It is generally understood that these cones 
are initiated by clusters of seed atoms protecting the underlying substrate 
while surrounding substrate material is etched away. Extensive experi- 
mental studies of seeding and ion beam texturing of surfaces have been 
2 

reported earlier. 

Ion beam texturing has been attempted with many material combina- 
tions and has several potential applications. Textured surfaces have 

been successfully used for enhanced absorption of radiant energy in 

4 

solar collectors. Perhaps one of the more promising applications is in 
the realm of biomedical materials such as prostheses with soft or hard 
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tissue interfaces that require firm bonding. * ’ ’ Textured surfaces 

9 

are also of interest for high reliability heat transfer surfaces as 
well as high-field electron emitters for traveling wave tubes^*^ and 
other applications including depression of secondary electron emission. 

Experimentally, results have been obtained in the following areas: 
time development of individual cones, study of a liquid-like coating on 
cones, activation energies for surface diffusion, the crystalline nature 
of cones, critical temperature as a function of substrate etch rates, 
texturing of additional materials and identification of cone failure 
mechanisms. 

A bibliography is Included as an appendix listing publications in 
the areas of surface texturing, sputtering, and some other topics 
related to the basic processes involved in ion beam micro texturing. 

Experimental work under this Grant including operation of the 
scanning electron microscope has been carried out primarily by Stephen M. 
Rossnagel, a physics graduate student at Colorado State University. 
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II. THEORY 

It has been postulated that the formation and replenishment of 
seed clusters is a result of the surface diffusion or migration of 
seed atoms with nucleatlon or attachment occurring when other seed 
atoms are encountered. It has also been widely believed that a nec- 
essary, but possibly not a sufficient, condition for the formation of 
sputter cones is that the seed material must have a lower sputter yield 

than the substrate material to account for the observed differential 

12 

etch. Both the analytical model and subsequent experiments showed 

that lower sputter yield of the seed material itself was not necessary 

for texturing to occur. Prior to the development of the model described 

below, though, knowledge of texturing was typically qualitative in 

nature, with only moderate ability to predict results prior to conducting 
3 

the experiments. The model discussed below is treated in greater 
12 13 

detail elsewhere; * only a brief sketch will be provided here. 

Diffusion Model 

The migration of seed atoms along the surface was viewed as a 
random walk process. The random-walk diffusion length r^ was given by 

r, = (E /2m exp (-E,/2kT) . (1) 

a as olaa a 

where E, is the activation energy for the surface diffusion, k is 
a 

Boltzmann’s constant, T is the substrate temperature, m^ is the seed 
atom mass, a^ is mean distance between adsorption sites, is the ion 
arrival rate, is the cross section of the adsorbed atoms for sput- 
tering and Y is the sputter yield of the adsorbed atoms. This model 
a 
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assumes that for the seed atoms to have sufficient mobility to gather 
into clusters, they should be bonded weakly to the substrate, compared to 
the mutual bonding of substrate atoms. The characteristic time for a 
seed atom to jump between adsorption sites is thus governed by the weak 
adsorption bonding, rather than the substrate lattice vibrations to 
which it is only loosely coupled. 

A distance equal to twice the average diffusion radius is used as 
a measure of the average separation between clusters. If clusters 
were, on the average, much farther apart than 2r^, more clusters would 
begin to nucleate and grow in the intervening spaces where seed densities 
were enhanced, thus narrowing the gaps between clusters. At the other 
extreme, if clusters began to nucleate at separations much less than 
2r^, larger clusters would grow faster and intercept diffusing seed 
material at the expense of smaller clusters. Thus, an average cluster 
separation of about 2r^ would be expected to be stable. 

Seed Clustering 

There is a critical size of a seed cluster, below which steady 
14 

growth is not possible. This critical radius is essentially the same 
value as is used in nucleation theory. It is obtained by setting to 
zero the derivative of free energy (surface plus volume) with respect 
to radius. Continuous growth can take place above this radius, but 
dissociation of the cluster will tend to occur at smaller radii. 

Whether or not a seed cluster is stable therefore depends on the 
diffusion rate to the cluster being sufficient, or insufficient, to 
supply the sputtering loss from a cluster of critical radius. To 
determine the stability requirements of seed clusters, it is necessary 
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to investigate more closely the processes of seed movement and clustering 
while adsorbed on a substrate. 

Seed atoms are assumed to move from adsorption site to adsorption 

site on the surface by a random walk process. Only those seed atoms 

that acquire an energy greater than E, are mobile. Energy is exchanged 

a 

between seed atoms and the lattice through the loose coupling of the 
seed atom to thermal lattice vibrations bringing the adsorbed seed atom 
population into approximate thermal equilibrium with the substrate 
lattice. It is thus the temperature of the substrate that governs the 
fraction of seed atoms that are mobile at any given time. A random walk 
process for seed motion requires that, on the average, seed atoms 
experience an inelastic "collision" as a result of each jump to a 
neighboring adsorption site. The energy loss in the inelastic process 
would then be associated with a loss of the initial direction of motion 
resulting in a random direction for the next jump. 

Detailed analysis of the process of seed diffusion and clustering 
yields an expression for the diffusion radius required to sustain a 
cluster of radius r and sputter yield Y 


[(Y^ - F3)/F3] 


1/2 


( 2 ) 


where F is the dimensionless ratio of seed atom arrival rate to beam 
s 

ion arrival rate. 

This diffusion radius is equated to the radius required to sustain 
a cluster to determine the minimum substrate temperature T^ that will 
give the required diffusion to sustain clusters of the minimum size. 
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T = E,k£n (E F N Y^r ^(Y - F ) (3) 

c a as so xacc sj 

Some of the physical effects following from the cone seeding theory 

can be directly investigated experimentally. After sputtering while 

seeding, scanning electron micrographs can be obtained of the sample 

1/2 

surfaces. The average separation between cones is (A/N) , where N is 

the number of cones counted in an area A of the micrograph. The 
quantity <r>, one-half the average experimentally measured separation 
between cones, is identified with the diffusion radius r^ in the 
theoretical model. If <r> is plotted as a function of reciprocal tem- 
perature, a straight lines in expected on these plots. This can be 
shown by rewriting the expression for r^ as 

r , = r exp(-Ej/2kT) (4) 

do d 

where r is a constant 
o 

Taking the natural logarithm and rearranging the result, 

£n r , = (-E,/2k) 1/T + £n r . (6) 

d d o 

This expression is linear if £n r^ is plotted as a function of inverse 
temperature. The slope of the line is -E^/2k, while the ordinate 
intercept is r . 
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III. EXPERIMENTAL APPARATUS AND PROCEDURE 


Textured surfaces can be generated by simultaneously sputtering a 

surface at high energy while seeding it with impurity atoms at low 

energy. The sputtering can be done in a number of ways, and in this 

study a broad-beam Kaufman ion source is used. This source produces a 

2 

low energy (50-1500 eV) high intensity (0-2 inA/cm ) beam which is 

neutralized using a thermionic filament immersed in the beam. This 

system allows a high degree of beam control and a fairly low background 

pressure ('x^lO ^ Torr) in the sputtering region. High vacuum is obtained 

—8 

using a closed-cycle cryopump for an oil-free environment (^10 Torr 

base pressure). The vacuum chamber is all stainless steel with hinged 

access ports for both the ion source and fixturing. Argon is used as 

the source gas at a typical ion energy of 500 eV and at a current 

2 

density of 1.0 mA/cm . The beam diameter is 5 cm at the ion optics and 
no beam defining apertures are used. There have been other reported 
studies which find sputtered aperture material to be an additional 

16 

impurity at the surface, itself capable of initiating cone formation. 

The samples are mounted normal to the beam at a distance of 25 cm from 

the source. They are mounted on a temperature controlled copper holder 

with a thermocouple mounted directly behind the sample. The sample and 

the holder are both polished and clamped tightly together. No heat 

conducting medium is used due to a tendency at high temperatures for 

that medium (In, for example) to flow or diffuse to the front surface, 

2 

or sometimes evaporate. Since the power flux is rather low (0.5 W/cm ), 
and the samples are typically thin (1 mm) , the temperature at the surface 
can be shown to be at most a few degrees above the measured sample- 
holder temperature. The holder is constructed in such a way that the 
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sides of the holder slope away from the sample, reducing possible 
contamination effects seen by others. For the time development 
studies, the sample holder was modified so that it could be cooled 
during or after the sputtering. This allowed faster cooldown times in 
an already lengthy procedure. 

The impurity or seed source consists of a target of the chosen 

seed material placed in the edge of the ion beam between the ion source 

and the sample. This target is placed at an angle to the beam such that 

some of the atoms sputtered from its surface impinge on the sample 

surface (Fig. 1). The magnitude of the impurity seed flux can be 

controlled by the amount of the target exposed to the beam and the 

positioning of the impurity sheet in the beam. Since the impurity 

2 2 

source is large compared to the sample (20 cm vs. 1 cm ) , and the target 

and substrate are typically separated by a few centimeters, the impurity 

flux to the sample can be considered unifom. Strong gradients in seed 

13 

flux have been treated earlier. The magnitude of this flux ranges 

from the materials tested here has been experimentally measured to be 

from 0.2 to 3 percent of the ion beam flux. 

The samples to be textured are either foils or thin sheets and are 
2 

cut into 1 cm squares. All of the samples for each metal substrate 
used were cut from a single piece, thus assuring the thickness and 
purity to be repeatable. All samples, as well as impurity materials, 
were at least 99.95% pure and were polycrystalline. No attempts were 
made to determine the crystal structure or to use single crystal samples. 
Grain boundaries were often visible after sputtering, which allowed 
some differentiation between crystals. The thicker samples were polished 
mechanically to an approximate mirror finish, and all samples were then 
ultrasonically cleaned in Alconox, acetone, then ethanol. The samples 
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were then immediately mounted on the sample holder, evacuated to at 
least 10 ^ Torr, and heated to the desired temperature in vacuum. 

The subsequent exposure to the ion beam and seed flux varied 
slightly, depending on the type of experiment. In the time development 
study the same sample was used for up to 30 sequential exposures. This 
study will be described in more detail later. The surface diffusion 
activation energy study used numerous different samples for single 
exposures. In this study, the samples were simultaneously sputtered 
and seeded for the times (or doses) necessary to produce steady-state 
cone structures. The required dose varied from material to material but 

was kept constant for all measurements on a single material. The doses 

18 -2 19 -2 

varied from 5 x 10 cm (15 min.) for Pb to 1.5 x 10 cm (45 min.) 

for Ni. These doses were sufficient to generate the impurity induced 
structures while at the same time eroding away the intrinsic conical 
structures. As will be described in the time-development study, two 
types of cones can be formed - those due to surface asperities, and 
those due to the cluster formations of the impurity. The first of these 
is unrelated to the presence of the impurity, and would produce mis- 
leading results in the cone density measurements needed for the activa- 
tion energy determinations. They are, however, temporary structures 
which can be removed by sufficient sputtering. 
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IV. TIME DEVELOPMENT OF SEEDED SPUTTER CONES 

The time development of impurity-generated sputter cones has been 
monitored and described for the first time. These studies entailed 
sequential exposures (sputtering) and analysis £f the same cones over 
long periods of time - from prior to any sputter-seeding through cone 
failure and regrowth of succeeding generations of cones. A summary of 

18 

this work has also been recently published in Radiation Effects Letters. 

Time Development of Seeded Sputter Cones on Copper 

Cones and pyramids due to sputtering have been generated on surfaces 

primarily through two methods. One method utilizes relatively high 

energy ion bombardment (8-50 keV) of ultra-pure crystalline or large 

grain poly crystalline copper. In many crystal orientations, surface 

asperities can be sputtered into conical or many-sided pyramidal shapes. 

This has been variously attributed to either the angular dependence of 
19 

the sputter yield, or more recently, to a tendency for the solid to 

20 21 
minimize surface energy. Generally, with yet only one exception, 

the features are temporary, and related to the original surface; i.e., 

they do not reappear during sputtering at greater depths. The second 

and historically older method of producing these structures is the 

simultaneous seeding of the sputtered surface of a relatively low level 

2 3 12 

of impurity atoms continuously during sputtering. ’ * 

In accord with the diffusional theory, these impurity-generated 
structures can be formed on a variety of materials, potentially on 
almost any material at the correct temperature with the appropriate 
impurity. The elaboration of the time development of these cones is 
pertinent, particularly to the problem of understanding the underlying 
mechanisms. The object is not only to be able to generate these 
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structures on the desired materials, but to have some control over 
their shapes and sizes as well. 

One system was chosen for these experiments, that of Mo impurities 
on Cu. The basic experiments were: Mo on Cu at 300®C, Mo on Cu at 

200*^C, and both areas following the removal of the seed source. The 
particular temperatures were chosen such that one was above the critical 
temperature (250°C) for diffusion-based coning, and the other was below 
the critical tempearture. 

All of the tests were done in exactly the same way. Cu samples of 

purity 99.95% were polished to a mirror finish, and cleaned ultrasonically . 

Areas were then identified in the Scanning Electron Microscope (SEM) 

that could be repeatably located. The samples were then mounted on a 

heated sample holder in the vacuum system, evacuated, and brought up to 

temperature for ^1 hour prior to sputtering. The ion and impurity 

fluxes were the same in all cases. Following exposure to a specified 

18 2 

dose (usually in increments of 1-2 x 10 ions/cm ), the sample was 
removed and re-examined with the SEM, the same area identified through 
fiducial marks. Following examination, the samples were remounted in 
the vacuum chamber, heated to the appropriate working temperature for 
one hour, and re-exposed to the ion beam. This procedure requires 
exposure to air following each period of sputtering because the ion 
source and SEM are presently in separate vacuum systems. 

The temperature and seeding (impurity) flux were chosen to give a 
relatively low density of cone structures; the values chosen were 
obtained through previous experience and systematic variation of the 
geometry. This facilitated identification of individual cones. In 
this case the cones were initially separated by roughly 2-6 microns. 

The results of one series of experiments are shown in Figs. 2(a)-2(cc); 
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Fig. 2 . Continued 
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2 . Continued 








(v) 95 min*, 3.6 x 10 


(w) 100 min,, 3.75 x 10 Ar /cm 


(x) 110 min., 4.1 x 10 


Fig. 2. Continued 




(z) 130 min., 4.9 x 10 


(bb) 150 min., 5.6 x 10 


(aa) 140 min., 5.25 x 10 


(cc) 160 min., 6.0 10 Ar /cm' 


2 . Continued 
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the same region of the substrate Is shown at successive times during the 

18 

development of the textured surface. After an initial dose of 1 x 10 
2 

ions/cm at 500 eV, the initial structures generally were of two kinds 

as shown in Fig. 2(a): large globular forms, and smaller objects that 

looked somewhat like a "ball-on-a-stick" (BOS) . Both of these two 

initial forms develop into cone-like structures, but the latter is the 

more stable form. The former structures are apparently due only to 

asperities at the surface of the copper, rather than the presence of 

added impurities. This is demonstrated by lowering the temperature of 

the sample to a point where diffusion is insufficient to initiate cluster 

formation, in this case 200^0. The globular forms are present at this 

temperature, but none of the BOS structures. After doses comparable to 

the 300°C case where this type of structure has been eroded away (2 x 
19 2 

10 ions/cm ), the surface at 200^0 becomes free of any cone-like 
structures. 

18 2 

At 300® C, with continued sputtering (5.6 x 10 ions/cm ) the BOS 

structures appear thicker, while the globular forms are being eroded 

away (Fig. 2(d)). This removal of the asperity related cone structures 

22 

is characteristic of the descriptions by others. The apex angle 

increases as the surrounding trough or pit deepens; the eventual result 

being a slowly broadening (with increasing dose) shallow crater centered 

on the previous cone site. The thickening of the BOS structures is 

possibly misleading. Using bulk sputtering rates for copper (15 K/sec 
2 

at 1 mA/cm at 500 eV) , the planar regions between these structures are 

eroding such that the thickened forms are actually located below the 

original structures, which have been sputtered away. With increasing 

19 2 

dose on the order of 1.5 x 10 ions/cm , the structures acquire the 
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more familiar conical shape, and increase in size. Their spacing from 

peak to peak does not change, but as the bases become larger the areas 

between the cones decrease. As the cones become larger due to the 

increased dose, the familiar troughs are seen around the bases (Fig. 

2(e)-2(t)). These troughs are never more than 10% of total cone 

height, and do not seem to be as related to the cone’s demise as in the 

22 

case of non- impurity cones. The troughs are rather flat-bottomed 
with a steep outer rim. The cones eventually increase in size with 
continued ion bombardment until adjacent bases touch. As two or more 
cones grow together due to sputtering, the cone tips remain at approxi- 
mately the same distance. The cones slowly overlap, with the sides 
nearest the other cones eroding more slowly than the outer ones. 

Usually, one cone will eventually dominate the others and become 
relatively taller. This dominant cone then continues to increase in 
size until the other cones are absorbed into its sides. The resulting 
cone can be quite large, its base encompassing the area occupied by the 
prior cones. 

The development of the profile of a single cone from the series 
given in Fig. 2 is shown in Figs. 3(a) and 3(b). The depth scale is 
given in microns below the original planar substrate surface. The time 
scale for total sputtering time is read by extending horizontally the 
planar base level shown to the right of each successive cone profile. 

The development of the conical shape and the surrounding trough can be 
seen as the cone increases in size for approximately 90 min. After this 
time the cone is clearly being worn away by continued sputtering of the 


sample. 



Depth , microns 
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Cone Coating 

These conical structures have the additional feature of some kind 
of overlying coating which appears to protect the cones, (i.e., reduce 
their sputter rate) during cone formation and growth. This coating, 
while obviously not being a liquid, has the appearance of very viscous 
fluid on the sides of the cone (Figs. 4(a)-4(b)). From this coating, 
small protuberances appear occasionally during sputtering, similar in 
shape and size to the original structures that initiated the cone. 

These structures were as small as 500 A in diameter and 200 A high. 

Like the original structures, these tended to be replaced (with increased 
sputtering) by thicker structures below, eventually blending into the 
side of the cone. Excluding temporary variations due to these ball 
structures, the cones tended to have a relatively constant apex angle 
of 45° when corrected for viewing angle. 

The cone covering, which usually coats more of the upper 3/4 of 
the cone, develops a gap at the apex. This gap is accompanied by a 
flattening of the exposed areas. The gap increases in size until it 
covers more and more of the upper cone area. The uncovered areas erode 
more rapidly as evidenced by increasing apex angles. Figures 5 (a) -5(d) 
show an example of a gap developing in the coating on a large, mature 
cone. One particular cone is marked in the four micrographs with views 
from both a 45° angle and directly above provided for two different 
times. In Figs. 5(a) and 5(b) the opening in the covering can be clearly 
seen. The enhanced erosion of the tip is evident compared to the sides 
of the cone that are still covered. The uncovered area usually extends 
eventually over the entire cone, at which time the come erodes into a 
low ridge. Occasionally this process is accompanied by the growth of 
new cones at places along the perimeter of this opening in the covering 









view 


view 


Cones on Cu seeded with Mo at 300 showing the time 
development of the opening of the cone covering and 
the initiation of second generation cones. All 
micrographs taken at 2400X magnification. 




Continued 





26 


shown in Figs. 5(c) and 5(d). In a similar experiment with slightly 

increased impurity seeding rates, the opening in the covering will 

actually form a circular ridge high on the cone giving the appearance 

3 

of "hollow cones" that have been observed. The new cones are not 

always long-lived. They are usually too close together and one will 

dominate at the expense of the others. The opening of the protective 

coating does not seem closely related to cone size. Openings were 

noticed on cones differing in size by a factor of six and many large 

cones never seemed to develop gaps through the length of the experiment 
20 2 

(3 X 10 ions/cm ). The openings did not always appear to lead to the 
destruction of the cone, particularly if the openings were on the side 
and did not expose the apex. These gaps caused the cones to develop a 
stepped appearance as the underlying material was eroded. X-ray (energy- 
dispersive) analysis of the cones, while still in preliminary form, 
shows the sides of the cones and the tip to be of relatively uniform 
composition; a few atomic percent of the molybdenum impurity is observed 
with the majority of the substance being the substrate. Impurity levels 
were undetectable (<1% atomic) at the base of the cone and in the 
surrounding area. 

It should be noted here that the structures observed in this study 

19 

were more closely conical than pyramidal. At relatively low doses (_£^10 
2 

ions /cm ) , there were indications of some crystal structure in the bases 
of the structures. The upper 3/4 of the cone was irregular due to the 
covering and had no obvious regular or faceted structure. The lower 1/4, 
however, did occasionally have a regular hexagonal appearance. This 
structure was lost when the cone interacted with another cone. The 
structure did not add cons t r uc t ively in the sense that , when two cones 
combined the resultant structure did not have any regular structure. 
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While there are certainly some crystalline contributions to the structures, 
the designation here will continue to be cones rather than pyramids. 

The behavior of the cones during sputtering seems implicitly related 
to observed overlying covering. When this substance is absent, the 
underlying material erodes relatively quickly. Where this coating has 
accumulated, the conical structures tend to increase in size. No real 
growth of the cones was observed in the sense that the heights of the 
cone tips were always lower than the previous tips when the erosion of 
the planes between the cones was taken into account. This does not rule 
out epitaxial growth as possibly evidenced by the coating on the cones. 

It does indicate, however, that erosion is the dominant mechanism. The 
increase in size of the cone is attributed to a widening of the cone 
bases as the planar areas between the individual cones become smaller. 

The increasing basal dimensions may be a reflection effect, in the same 
sense that the troughs are formed. The argon ions can be partially 
reflected from the sides of the cones and cause increased sputtering in 
the nearby areas. The planar areas have been assumed to have the bulk 
normal sputtering rate. 

Apparently the overlying coating, which is mostly composed of the 
substrate material with a low percentage of impurity, has a lower 
sputtering rate than the bulk copper. The coating still has an angle- 
dependent sputtering yield like most other materials, which tends to 
stabilize the conical structure. The coating is being constantly 
replenished by the impurity seeding, although the source of the copper 
in the coating has not yet been determined. The replenishment of the 

impurity material is due to both surface diffusion and direct deposition. 

12 13 

The diffusional theory * addresses the nucleation of a cluster on a 
flat plane which then forms a cone by some mechanism. These present 
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results can follow the same reasoning, with the small cluster of pure 
impurity being replaced as sputtering proceeds with a coating having 
a larger area and a lower concentration of impurity. The observation 
that the coating seems to recede from a cone top rather than merely 
fade away suggests a more complicated explanation than diffusion alone. 

The effect of surface texture on the effective sputtering yield 

23 2 A 23 

has been the subject of some discussion. ’ * Some workers notice 

yield increases, and others decreases; however, most arguments seem to 
center on the topology. It seems in this case that the apparent 
reduction is more likely dominated by a material effect evidenced by the 
protective coating of impurity-substrate material. While we have not 
measured sputtering yields, Wehner did measure yields for the copper- 
molybdenum system. Those results found that a copper surface completely 
covered with molybdenum induced cones at similar temperatures and ion 

3 

energies had the yield decrease from 2.6 (copper) atoms per ion to 0.9. 
This seems to agree with the present study, at least qualitatively. For 
the cones to show any relative growth as compared to the plane, the 
yield decrease due to this coating must at least offset the yield 
enhancement due to the increased angle of incidence of ions. 

Development Following Seed Removal 

In analogy to the time development work, studies have been performed 
on the time-related loss of cone structures following the removal of 
the seed material. While the failure mode is somewhat similar to the 
previously described study, sufficient differences warrent discussion. 

Cones were formed to medium size (see Fig. 4(a)) on copper with 
molybdenum impurities. The molybdenum seed source was then removed, and 
the sample sputtered and (the same cones) examined sequentially. The 
primary result is that the cones do not immediately go away. Figure 6 
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is an example of the appearance of a cone after removal of the seed 
source with the coating substantially removed and more rapid sputter 
erosion taking place. In fact, growth (erosional growth) continues to 
occur for up to 200 minutes additional sputtering (at 1 mA/cm ). This 
is somewhat misleading, though. The first failures began occurring "v20 
minutes after seed removal. The failure mode was through the previously 
described opening of the protective coating. On the structures that 
continued growing, the coating became noticeably thinner with increased 
sputtering, although it retained liquid-like properties. All of the 
failures of all of the cones can be attributed to the opening of the 


protective coating. 
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V. SURFACE DIFFUSION ACTIVATION ENERGIES 

One result of ion beam microetching is the ability to measure the 
activation energy for surface diffusion of a variety of impurities on 
many different base materials. In the reported work, 29 different 
combinations of impurity and substrate have been measured. A paper 
describing this work has been submitted (APR 1981) to the Journal of 
Vacuum Science and Technology for publication. 

Activation Energy 

The activation energy for impurity atom surface diffusion is 
pictured as the potential barrier height between surface adsorption 
sites. If this energy remains constant over a few hundred degree tem- 
perature range well below the melting point, the random-walk-length of 
the impurity atom is related to temperature in a simple exponential way. 
This random-walk-length, which is equated to half the inter- cone 
spacing, can be plotted logarithmically against inverse temperature in 
an Arrhenius plot. The slope of the resulting straight line is then 
proportional to the activation energy (see Eq. (6)). Using this method, 
the activation energy for impurity atom surface diffusion can be deter- 
mined without complete knowledge of the numerous other experimental 
parameters such as ion or impurity flux, sputtering yields, etc. Only 
temperature was changed from one exposure to the next. Varying other 
parameters will, according to the model, translate the plotted line 
uniformly in the vertical or horizontal direction, leaving the slope, 
and hence the determined activation energy, unchanged. 
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Experimental Results 

In this study, the fundamental measurements are the average cone 

densities at different temperatures. The density is then converted to 

an average spacing, the logarithm of which is plotted against inverse 

temperature, as in Fig. 7. The error bars in the plot are statistical 

in nature and represent standard deviations from the measured points. 

The slope is determined by linear regression and is equal to -E^/2k. 

The results determined in this way are given in Table 1 for the substrates 

of Cu, Au, Pb, Ni, and Al. The uncertainties are taken as twice the 

standard deviations of the data points. 

The magnitude of the measured activation energies is similar to 

26 27 

other measurements by means of field emission * and by Auger electron 
28 

spectroscopy. While the field emission values are for materials 

other than those used in this study, the one Auger measurement is for 

one of the materials used, Ni. The value given is 0.3 eV for the 

28 

diffusion of C on Ni, in agreement with values found in this study for 
other impurities on polycrystalline Ni. The activation energies for 
surface diffusion appear to be approximately independent of the species 
of impurity used. Initially one might expect lighter atoms, such as C, 
to have a much higher mobility than heavier atoms like W or Ta. However, 
this method measures only the magnitude of the potential barrier between 
sites. A more mobile atom will have a much longer random-walk length 
than a less mobile atom, and hence the cone spacing will be increased. 

The temperature dependence, however, will remain the same because, in 
the first approximation, both atoms have the same barrier to cross. The 
difference in mobility will leave the slope in the Arrhenius plot 


unchanged . 
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No significant trend has been found in this work linking the 

activation energy for surface diffusion to the outer electron shell 

occupancy of the impurity atom* This was not the case in the field 
26 27 

emission studies, * which linked the activation energy to 5d electron 
occupancy. While it was not possible in this work to determine the 
activation energies for a complete row in the periodic table, the 
measured energies for Ti, Cr, Fe, Ni, and Zn on Cu exhibit no evidence 


of such a trend. 



Table 1. Experimentally Determined Activation Energies for Surface 
Diffusion. 


Seed 

Materials 



Ej(eV) 



Cu 

Ni 

Substrates 

Pb 

Au 

A1 

C 

0.42 

— 

- 

— 

- 

A1 

0.35 

0.30 

- 

- 

- 

Ti 

0.41 

- 

0.32 

0.28 

0.93 

Cr 

0.43 

- 

- 


- 

Fe 

0.37 

0.32 

0.30 

0.26 

1.0* 

Ni 

0.46 

- 

0.33 

- 

- 

Zn 

0.31 

- 

- 

- 

- 

Mo 

0.35 

0.36 

0.31 

0.28 

1.20 

Ta 

0.36 

- 

- 

- 

0.97 

W 

0.37 

- 

- 

- 

- 

Au 

0.39 

- 

- 

- 

1.04 

Cu 

- 

0.30 

0.32 

0.29 

- 

Statistical 

Uncertainty 

±.06 

±.06 

±.06 

±.06 

±.09 


Uncertainty ±.15. 
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VI. OBSERVATIONS ON CONE FORMATION 

Additional work has been focused on the crystal structure of 
cones, critical temperature determinations, and texturing of previously 
untextured materials. No definative conclusions have yet been reached 
in these areas, but the present results will be described. 

Crystal Structure 

As has been mentioned in the Time Development Study, some cones 
exhibit crystalline features. These are usually only visible from 
directly above (0® tilt on SEM) . The structures take the form of 
hexagons or parallelograms. (A non-crystalline cone would be expected 
to have a circular cross-section when viewed from above.) These crystal 
structures have been observed on Cu, Ni, Au, Pb, and possibly AZ. The 
regular (crystal) structure seems to be present only near the base on 
the cone - the upper sections being typically coated with the amorphous 
liquid-like covering. Generally the parallelogram- type structure pre- 
dominates (Fig. 8). The hexagonal form is relatively rare (Fig. 9), and 
even in cases of high incedences of crystal structures, the occurrence 
rate of parallelograms may be only 50%. Typically, when any two or more 
cones intersect, the resultant boundary will be a straight line when 
viewed from above, but this is simply geometry. In the present study, 
crystalline features are evidenced on completely independent structures, 
i.e., cones separated by at least a diameter. 

The crystalline structure can be taken as evidence of the sputter 
erosion dominated formation of cone structures rather than growth for- 
mation. Figures 8 and 9 show separate structures with parallel facets 
indicating that the separate structures are being sputtered into the same 




Fig. 8. An example of the parallelogram structure, viewed 


above. Au seeded with Fe at SSO^C, 1.1 x 10^^ 


cm 


Fig. 9. 


Hexagonal structure of Cu cones seeded with Mo at 300 °C 
(2.6 X 10^^ cm “2)^ viewed from above. 
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crystal grain. Occasionally, both parallelogram and hexagonal structures 
are seen, as in Fig, 10, and often there is an apparent grain boundary 
separating the two indicating they were eroded into different crystal 
grains. 

In addition, there is a temperature dependence to the occurrence 
of crystalline features. Typically, they are evident in the range 
100“200°C above the critical temperature for surface diffusion driven 
cone formation. 

This study is by no means complete, but appears to be promising. 
Experimental efforts in this area are continuing. 

Critical Temperature 

Some critical temperatures for the onset of impurity generated 
texturing have also been determined. Critical temperatures have much 
greater uncertainties associated with them than the activation energies 
but they do not seem to exhibit much variation with seed material. 
Critical temperature is plotted in Fig, 11 as a function of bulk sputter 
rate. The bulk sputter rate of the substrate material is for 500 eV 
Ar ions at a current density of 1 mA/cm , The correlation of critical 
temperature with bulk etch rate appears to be somewhat stronger than 
the correlation with activation energy. The thermal diffusion model 
would indicate that the activation energy should dominate the critical 
temperature. That this does not appear to be the case may prove to be 
useful both experimentally in predicting texturing properties a priori, 
and theoretically in suggesting a means of overcoming inadequacies in 
the present model. It would be very convenient ultimately to be able 
to relate both the activation energy and the critical temperature to 
known bulk material properties. Experimental efforts exploring these 


correlations will be continued . 
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Fig* 10. An example of both parallelogram and hexagonal structures 
observed on Cu seeded with C at 300°C, viewed from above. 
Note the grain boundary separating the two regions with 
different structures* 





Critical temperature , 



Bulk sputtering rate, &/min 

Fig, 11. Correlation of experimentally measured critical temperatures for cone formation with bulk 
sputtering rates. 
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Texturing Other Materials 

Some effort has gone into the texturing of more difficult materials. 
These include Ti, AZB, stainless steel, and refractory materials. AAB 
and stainless steel have been successfully textured, but as yet the 
refractory metals have not. Work is continuing in these areas. 
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VII. CONCLUDING REMARKS 

Experiments on the detailed time development of individual seeded 
sputter cones have provided significant insight into the basic processes 
taking place during ion beam microtexturing. Two cone initiation 
mechanisms were clearly seen in operation: (1) apparent initial 

asperities or deposits on the surface that produce short-lived structures 
that are completely eradicated with sufficient further sputtering, and 
(2) cone formation at locations where sufficient deliberately deposited 
seed material has accumulated. For better determination of the average 
cone density on a surface, it has been found necessary to sputter for a 
long enough time to be sure that the only remaining cones on the substrate 
are those formed in response to controlled seeding. This creates some 
difficulty in verifying predictions from the texturing model on the 
initial phases of cone growth while the substrate is still fairly flat. 

Detailed observation of the role of a coating on cones during for- 
mation has generated a number of questions along with the increased 
understanding of a phase of cone growth that has been largely misunderstood 
previously. It seems apparent that the coating is a combination of seed 
and substrate materials that is capable of exhibiting a depressed 
sputter yield relative to the bulk material. Surface analyses have 
shown, however, that seed material is only a small fraction of the total. 
The covering extends over a large fraction of the lateral area of the 
cone and is not isolated into a small area protecting only the apex. 

Many observations show clearly that when this coating fails the cone 
begins to be etched at a faster rate and will ultimately disappear, but 
so long as the coating remains intact, the cone can continue to increase 


in size. 
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There is no significant evidence for cone "growth” beyond the 
formation of the coating itself; instead, the cones are clearly sputter 
etched formations at a level lower than that of the original substrate 
surface. Isolated cones also have been found to exhibit a crystalline 
symmetry at their bases. Removal of the seed source is followed 
immediately by the onset of cone failure processes beginning with the 
thinning and opening of the protective coating. The length of time that 
cones can remain on the surface after the removal of the seed source 
depends primarily on the size of the cones at that time. 

The ability to experimentally measure activation energies for 
surface diffusion using ion beam microtexturing has been exploited to 
measure with a fair degree of confidence the activation energies for 29 
different seed-substrate combinations. In all cases the dominant effect 
appears to be the nature of the substrate material itself with much less 
effect observed from the use of a very wide variety of seed materials. 

The critical temperature for the onset of impurity generated 
texturing were determined for a number of different materials. A cor- 
relation has been found between the critical temperature and the bulk 
sputtering rate of the substrate. This correlation was not indicated 
by the earlier theory and represents another area along with the coating 
material where the existing model does not yet provide sufficient 


insight. 
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